Caenorhabditis elegans is one of the most prominent model systems for embryogenesis, but collecting many precisely staged embryos has been impractical. thus, early C. elegans embryogenesis has not been amenable to most high-throughput genomics or biochemistry assays. to overcome this problem, we devised a method to collect staged C. elegans embryos by fluorescence-activated cell sorting (eFAcs). in a proofof-principle experiment, we found that a single eFAcs run routinely yielded tens of thousands of almost perfectly staged 1-cell stage embryos. As the earliest embryonic events are driven by posttranscriptional regulation, we combined eFAcs with second-generation sequencing to profile the embryonic expression of small, noncoding rnAs. We discovered complex and orchestrated changes in the expression between and within almost all classes of small rnAs, including micrornAs and 26G-rnAs, during embryogenesis.
Caenorhabditis elegans is one of the most prominent model systems for embryogenesis, but collecting many precisely staged embryos has been impractical. thus, early C. elegans embryogenesis has not been amenable to most high-throughput genomics or biochemistry assays. to overcome this problem, we devised a method to collect staged C. elegans embryos by fluorescence-activated cell sorting (eFAcs). in a proofof-principle experiment, we found that a single eFAcs run routinely yielded tens of thousands of almost perfectly staged 1-cell stage embryos. As the earliest embryonic events are driven by posttranscriptional regulation, we combined eFAcs with second-generation sequencing to profile the embryonic expression of small, noncoding rnAs. We discovered complex and orchestrated changes in the expression between and within almost all classes of small rnAs, including micrornAs and 26G-rnAs, during embryogenesis.
The nematode Caenorhabditis elegans is one of the best-explored model organisms for developmental biology. The mechanistic basis of embryogenesis in C. elegans has been dissected by describing the entire cell lineage 1 and by performing many molecular and genetic analyses. Various key proteins involved in early cell division as well as hundreds of essential genes required for early embryogenesis and their knockdown phenotypes have been described [2] [3] [4] [5] [6] [7] [8] . However, a true understanding of embryogenesis will require the knowledge of stage-specific gene expression. Modern high-throughput technologies such as deep sequencing, proteomics and their many applications can be used, for example, to identify and quantify the transcriptome, protein amounts and protein-protein interactions on a genome-wide scale. Prerequisite to the study of embryogenesis progression with many of these methods are large amounts of precisely staged embryos to yield enough RNA or other material. However, this is currently not possible. Isolated embryos are mixtures of embryos at developmental stages ranging from the early 1-cell zygote to the almost hatching worm larvae with approximately 600 cells. To date, staged embryos are usually obtained by manual sorting using a mouth pipette, making it impractical to apply large-scale techniques that require tens of thousands of embryos. Alternatively, one can obtain many semi-synchronized embryos by blocking their development with fluorodeoxyuridine 9 , or one can isolate young embryos from hermaphrodites that have just begun to produce mature oocytes 10 . Although these methods can yield reasonable quantities of young embryos, the collected embryos are not synchronous, and these approaches cannot be used to investigate specific developmental stages.
Here we describe a method to collect many precisely staged embryos by fluorescence-activated cell sorting (eFACS). As C. elegans embryos have the same size throughout development, eFACS can in principle be applied to any embryonic stage in which a specific fluorescent marker protein can be stably expressed. Thus, eFACS allows the resolution of embryonic stages with sufficient yield of embryos for high-throughput analyses that require large amounts of starting material.
In C. elegans embryos, some zygote-specific transcription is initiated at the 4-cell stage, although pharmacological and genetic experiments have suggested that zygotic genes are not required until later in embryogenesis 11, 12 . Maternal components seem sufficient to direct the embryo through the initial cleavage rounds up to approximately the onset of gastrulation. Interference with key enzymes involved in the RNA interference (RNAi) pathway lead to numerous defects including embryonic lethality, suggesting functional roles for noncoding RNAs in embryogenesis [13] [14] [15] . It is unknown which of the previously described small RNA populations in C. elegans [16] [17] [18] [19] such as microRNAs (miRNAs), endogenous small interfering RNAs (siRNAs), 21U-RNAs (thought to be germlinespecific and characterized by a length of 21 nucleotides (nt), a strong bias for 5′ uracils and their interaction with PIWI proteins) and the virtually uncharacterized class of 26G-RNAs (26 nt length and strong bias for a 5′ guanine) are present in the early embryo, and it is unclear how the complexity and composition of the small RNA transcriptome changes during the very first cell cycles [16] [17] [18] [19] . We thus set out to use eFACS in combination with deep sequencing to profile small RNA expression during early embryogenesis.
results eFAcs yields large samples of 1-cell stage embryos
The strain we used for eFACS experiments expresses an oocyte maturation factor 1 fused to GFP (OMA-1-GFP) under control of the oma-1 promoter 20 . The OMA-1-GFP fluorescence is detected in developing oocytes and the 1-cell stage embryo. The GFP signal rapidly decreases in the two-cell embryo and is too weak to be detected in the embryo after the 4-cell stage 20 . These characteristics make the strain useful for selecting 1-cell stage embryos by fluorescence.
We collected a mixed-stage embryo population from gravid hermaphrodites of the OMA-1GFP strain by standard methods 21 . We analyzed these embryos by flow cytometry, and 3-7% of the embryos had high GFP signal (Fig. 1a) . Selecting this population for sorting in a fluorescence-activated cell sorting (FACS) machine yielded a sample of ~70% 1-cell stage embryos contaminated with older embryos (Fig. 1b) . We investigated whether we could sort twice (hereafter referred to as resorting) to obtain an even higher enrichment in 1-cell stage embryos. The first embryonic cleavages progress rapidly and allow a time window of only 40 min for sorting living embryos 1 . After this time, a mixed-stage embryo population is depleted of 1-cell stage embryos. Even with extensive cooling to delay cell division, we were unable to achieve additional enrichment. However, methanol fixation of embryos allowed additional enrichment of the desired population (Fig. 1b) and routinely yielded ~60,000 almost pure (>98%) 1-cell stage embryos ( Fig. 1c-e) . Most of those resorted 1-cell stage embryos were in the pronuclear migration and pseudocleavage part of the first cell cycle (Fig. 1c,e) . Selecting a population with a lower GFP signal during eFACS and resorting this population yielded a mixture of 2-4-cell stage embryos with some contamination of 15% 1-cell, 5% 8-cell and <2% older stages (Supplementary Fig. 1 ). 
six samples covering different developmental stages
To study the composition and dynamics of small RNAs in early embryogenesis, we obtained six samples of embryos covering developmental stages from 1-cell stage to post-gastrulation embryos (Fig. 2) . We generated 1-cell stage embryo samples from living and methanol-fixed embryos by eFACS with 70% and >98% purity, respectively (Fig. 1) . We obtained a 2-4-cell stage embryo sample by eFACS of fixed embryos enriching for 2-4-cell stage embryos (Supplementary Fig. 1 ). We generated the two older embryo populations by (i) eFACS selecting the GFP-negative population of the OMA-1GFP strain, which represents a mixed-stage embryo population depleted in early embryos, and by (ii) collecting post-gastrulation embryos by allowing isolated embryos to develop for 3 h at 20 °C. Finally, we also obtained an unsynchronized mixed-stage embryo population. We generated and deep sequenced small RNA libraries from all samples. Using our mapping pipeline (Online Methods), we mapped 52-83% of reads to the genome ( Fig. 2 and Supplementary Table 1) .
comparing fixed and living embryos obtained by eFAcs
To first test whether methanol fixation altered miRNA expression, we compared expression profiles for 11 miRNAs between fixed and nonfixed embryos by quantitative reverse transcription-PCR (qRT-PCRs) (Supplementary Fig. 2 ). Relative expression of these miRNAs was unaffected by fixation. To compare the expression profile of fixed and living embryos after sorting, we examined sequencing-based estimates of miRNA expression between these samples. We expect some differences because we know that contrary to the fixed resorted eFACS sample, the living, once sorted, sample is contaminated by ~30% mixed-stage embryos. We found that miRNA expression was overall highly correlated between these samples ( Fig. 3a; Pearson correlation coefficient of log expression of 0.86), although we observed substantial scatter and some miRNAs that were absent in the fixed and resorted sample. We suspected that these miRNAs are expressed only in older embryos and were therefore not detected in the virtually pure fixed-resorted 1-cell stage embryo sample. To test this hypothesis, we first measured miRNA expression in an independently obtained, mixed-stage embryo sample (Fig. 2) . We then subtracted miRNA expression values (Online Methods) of this mixed-stage embryo sample from miRNA expression values from both sorted samples (Fig. 3b) . The expression values (estimated from sequencing data) of the small remaining set of miRNAs had (i) strongly reduced scatter between both sorted samples, (ii) correlated almost perfectly between these samples (Pearson correlation coefficient of log expression of 0.94), and (iii) were higher in the fixed sample. Thus, these miRNAs are likely 1-cell stage embryo-specific. Together, these data indicate that miRNA expression changes during embryonic development quantified by eFACS and deep sequencing can accurately reflect in vivo expression changes. However, because of sequencing biases, it is difficult to use sequencing-based estimates of miRNA expression to compare absolute in vivo expression between different miRNAs. We thus set out to analyze and validate miRNA expression using fold changes, in which sequencing biases largely cancel out. dynamics of mirnA expression in early development eFACS revealed that ~60% of all known miRNAs are expressed in the 1-cell stage embryo ( Fig. 3a and Supplementary Table 2) . We selected 16 miRNAs with read counts covering three orders of magnitude for independent validation by qRT-PCR (Fig. 3c) on hand-picked, living 1-cell stage embryos and confirmed the expression of all of them (Supplementary Table 3 ). We then computed fold changes of miRNA expression from sequencing data between 1-cell stage embryos and our post-gastrulation sample according to a logistic model (Online Methods). We also directly assayed these miRNA expression fold changes by qRT-PCR for the 16 miRNAs on independently hand-picked, living embryos from corresponding developmental stages. miRNA expression fold changes determined by sequencing and qRT-PCR were well correlated ( Fig. 3d and Supplementary Fig. 3 ; Pearson correlation coefficient (r) = 0.85). However, there were marked differences for some miRNAs (see Discussion Fig. 4a ). We observed the strongest miRNA expression changes upon gastrulation, when several miRNAs were for the first time highly expressed ( Supplementary  Fig. 4b ). Nevertheless, we also observed miRNAs that peaked in expression in the early embryo, including the miR-35 cluster (miR-35-41), the miR-61 cluster (miR-61 and miR-250) and miRNA1829b/c. As noted above, we already observed these miRNAs to be enriched in the 1-cell stage embryo (Fig. 3b) , and we conclude that these miRNAs are markers for very early embryogenesis.
identification of new mirnAs and 21u-rnAs
To discover potentially new miRNAs, we mined our pooled datasets with miRDeep, an algorithm that identifies Dicer hairpin products such as miRNAs in deepsequencing data 22 . miRDeep reported 19 new miRNAs (Supplementary Table 4 ); 16 were supported by detected star strands. Precursors of two new miRNAs fell exactly between adjacent coding exons, strongly suggesting that they are mirtrons. We observed expression from 7,506 of 15,341 known 21U-RNA loci (Supplementary Tables 5,6 ). Reads mapping to known 21U-RNA loci derived almost exclusively from the sense strand, had almost always a 5′ uracil, and their length distribution sharply peaked at 21 nt. We discovered 389 new 21U-RNAs (Supplementary Table 7) . Their genomic distribution followed the published pattern 19, 23 with additional dispersed genomic loci.
differential expression across and within small rnA classes
We next compared the expression of all known classes of small RNAs during embryogenesis. However, we note that we most likely only observed small RNAs with a 5′ monophosphate owing to the cloning protocol. Overall, we observed strong, orchestrated changes in the composition of small RNAs between the sequenced samples (Figs. 4,5) . Older embryos were dominated by miRNAs whereas in very early stages we observed additional small RNA classes. Those include mitochondrial tRNA as well as a sizable fraction of rRNA. The rRNA-and tRNA-derived fractions in all samples had a uniform length distribution and thus were likely to be degradation products. The 21U-RNAs were highly expressed in early embryos but difficult to detect in older embryos. We also observed differential expression of endo-siRNAs and 26G-RNAs. The relative abundance of small RNAs in mixed-stage embryo samples convoluted specific changes in small RNA expression during embryogenesis (Figs. 4,5) . endogenous sirnAs are observed in the 1-cell stage embryo The length distribution of reads mapping sense or antisense to exons or introns of mRNA transcripts varied distinctly (Fig. 5) . Sense reads were distributed uniformly, suggesting that they originated from degraded mRNAs. Antisense reads mapping to exons were dominated by 22-nt and 26-nt reads with a strong bias for a 5′ uracil or guanine, respectively (consistent with previous reports 16, 19 ). We will refer to the corresponding small RNAs as endogenous siRNAs (endo-siRNAs). Most 1-cell stage embryo endo-siRNAs mapped to mitochondrial enzymes. The majority of these mRNAs are known to be upregulated in RNAi pathway defects (rrf-1, eri-1, rde-3 and dcr-1 mutants), which suggests that they are under control of small RNAs (Supplementary Table 8 ).
We also consistently observed possible degradation products of mitochondrial tRNAs in the early embryo but not in other samples (Fig. 5) . Notably, we found more ~22-nt endo-siRNA in the 1-cell stage and 2-4-cell stage embryos, whereas ~26-nt endo-siRNAs dominated in the older samples. Additionally, we observed in older embryos a twofold enrichment of antisense reads mapping to 3′ untranslated regions (UTRs) (27-32%) when compared to 1-cell or 2-4-cell stages (15%).
Genomic organization and expression of 26G-rnAs
After removing known RNA classes, we studied the set of remaining reads. The length distribution of these RNAs peaked at 26 nt and were most highly expressed in the older embryonic stages. These 26-mers did not map to any annotated loci and had a strong 5′ guanine bias (75.7%). Hereafter, we refer to 26-nt reads with a 5′ guanine as 26G-RNAs 24 . Although these 26G-RNAs were present only in low numbers in early embryos, we observed high 26G-RNA expression in older embryos. Computational analyses revealed that 26G-RNAs mapped to several clusters in intergenic regions on different chromosomes (Fig. 6a) . We validated five (out of five tested) 26G-RNAs from two clusters (Fig. 6b) .
discussion
In principle, eFACS can be used to extract large samples of embryos enriched in any desired embryonic stage. Thus, eFACS opens the door to many modern high-throughput technologies to assay embryonic stage-specific gene expression. Several of such investigations are already ongoing. A limitation of eFACS is that it depends on the availability of a good fluorescent marker gene for the desired embryonic stage. State-of-the-art flow cytometry analysis allows the simultaneous usage of up to eight fluorescence channels. Thus, strains expressing different fluorescent fusion proteins with temporally overlapping changes in gene expression could be combined, and thus it should be possible to use eFACS in situations in which a single optimal marker gene is not available. Moreover, protein stability could be tuned by engineering degradation at a specific time and in a specific cell type 25 .
We sorted live embryos to obtain staged samples at a purity of ~70%. However, one technical constraint in eFACS is that the large size of the embryos forced us to sort at very low speeds of ~400 embryos per second. We cooled embryos (15 °C) to delay cell divisions but were still unable to resort living embryos. We also experimented with lower temperature settings (4-10 °C). However, these settings reduced viability (<60%) after sorting and still resulted in relatively low purity. It is entirely possible that more advanced flow cytometers will allow sorting at higher speeds comparable to that of standard cell sorting (>20,000 embryos per second). In this case, one could sort and even resort to obtain samples of the same size and purity as our fixed embryo eFACS runs. Fixation could be omitted and eFACS just with the OMA-1GFP strain could be used to obtain thousands of staged living embryos that could be allowed to develop synchronously to the embryonic stage of interest. Improvements to this approach might also be achieved by careful staging of worms 10 before eFACS. We used methanol fixation before resorting embryos, and methanol fixation did not alter miRNA expression ( Supplementary  Fig. 2 ) or mRNA expression (data not shown). Nevertheless, we cannot rule out that methanol fixation or sorting does induce some artifacts when using eFACS for other purposes.
We observed some differences in miRNA expression fold changes determined by sequencing after eFACS or qRT-PCRs in hand-picked living embryos, including an outstanding discrepancy for miR-58. We believe that this discrepancy can be in part explained by saturation effects in the library preparation for sequencing because miR-58 is by far the most highly expressed miRNA. This problem and biases in sequencing in general may also be responsible for other discrepancies. Overall, we observed increased expression fold changes by qRT-PCR. An inherent problem when comparing sequencing and qRT-PCR data is that both methods require normalization. We normalized sequencing data under the assumption that net expression fold changes were close to zero whereas we normalized qRT-PCR results to an internal standard. Although both assumptions have their problems, different normalization procedures only shift the baseline of expression fold changes and do not influence the relative expression fold changes to each other and thus do not influence any conclusions presented in this study.
Previous large-scale studies of small RNA expression had used samples composed of mixed-stage embryos. These studies could not detect the orchestrated and dynamic changes between and within different classes of small RNAs that we observed when comparing the 1-cell stage embryos to later stages. First, the majority of miRNAs is already expressed in the 1-cell stage embryo, suggesting that they are maternally deposited. The reason remains to be determined. Second, we showed that miRNAs from the miR-35 cluster are likely early embryo-specific. Genetic knockouts and mutations for 95 miRNAs have been published 26 . Notably, the miR-35 cluster is the only known miRNA cluster with an embryonic lethal knockout phenotype. Third, we observed many small RNAs of uniform length mapping sense to rRNAs in 1-cell stage embryos (live-sorted or methanol-fixed), with decreased expression in 2-4-cell embryos, but virtually absent in samples from older stages. Thus, although we do not have independent validation, it seems unlikely that the observed rRNA expression is an experimental artifact. rRNAs, unlike mRNAs, are already transcribed in the 1-cell stage embryo 12 . One may speculate about a turnover of maternally and paternally provided rRNAs to zygotically transcribed rRNAs upon fertilization during very early embryogenesis. Finally, we found consistent evidence for a turnover of mitochondrial components in the 1-cell stage embryo. We observed degradation products of mitochondrial tRNAs in the early embryo as well as many siRNAs directed against mitochondrial enzymes. Thus, it is tempting to speculate about mechanisms that selectively degrade paternal mitochondria in early zygotes, as described in vertebrates 27 .
Our data allowed us to study as yet virtually undescribed classes of small RNAs such as 26G-RNAs. Observations of small RNAs, in particular ~26-nt-long with a 5′ guanine bias have been reported earlier 16, 19 and were recently dubbed 26G-RNAs 24 . We found that 26G-RNAs are dynamically expressed and that they cluster in several intergenic regions. Northern blot analysis suggested that they may be initially generated with heterogenous lengths or post-transcriptionally modified such that they appear as having different sizes on the northern blot. In addition to an increase in expression of 26G-RNAs in older embryos, we also observed increased expression of 26-nt endo-siRNAs mapping to the antisense strand of coding mRNAs. We did not computationally detect a 'ping pong' biogenesis mechanism 28, 29 between 26G-RNAs and 26-nt endo-siRNAs.
Our eFACS data and analyses raise many more questions. However, altogether we are tempted to conclude that the complexity of small RNA expression dynamics in very early embryogenesis is comparable to the expression dynamics of protein-coding genes, and that the use of eFACS will contribute to a more complete understanding of gene regulatory networks during early animal development. methods Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/.
Accession codes. Gene Expression Omnibus (GEO): GSE17153.
Note: Supplementary information is available on the Nature Methods website. online methods Strains. We used wild-type C. elegans (N2) and the TX189(P(oma-1) oma-1gfp) strain for sorting early embryos. Strains were maintained using standard methods 21 on OP50-seeded NGM plates at 20 °C unless otherwise noted.
Liquid culture. Liquid culture of C. elegans was modified from previous protocols 30 . Worms were cultivated in S-Basal medium (100 mM NaCl, 6 mM K 2 HPO 4 , 44 mM KH 2 PO 4 and 5 mg l −1 cholesterol) supplemented with 3 mM MgCl 2 , 3 mM CaCl 2 and 10 mM K-citrate (pH 6) on a rotary shaker at 180 r.p.m. The liquid culture medium (S-medium) had a pH of ~ 6 and an osmolarity of around 370 mOsmol kg −1 .
Detailed eFACS protocol.
A fluorescent protein fusion strain is needed for this procedure, which expresses the fluorophore at the desired cell stage of interest. The required fluorescence intensity for sorting is only limited by the lowest concentration necessary to distinguish between labeled and unlabeled populations. Differences below 10% in GFP signal level are still picked up by a sorter because of the photomultipliers, which increase the sensitivity of the flow cytometer by several orders of magnitude 31 . We still obtained successful sorts when picking gates such that we had only a ~50% difference in GFP signal levels.
The strain we used for sorting expressed an OMA-1-GFP fusion protein under the control of the oma-1 promoter 20 . The GFP fluorescence was detected in the developing oocytes and the 1-cell stage embryo, decreased below 10% in the 2-cell embryo and was too weak to be detected in the embryo after the 4-cell stage 20 . These characteristics made the strain very useful for selection of 1-cell-stage embryos by fluorescence.
Millions of worms were needed for this procedure. Synchronized worms should optimally be grown in liquid culture to reduce the amount of space needed for growth. We routinely clean our worms on Ficoll 400 (1.077 g ml −1 ) (PAA Laboratories) from bacteria and precipitate in the liquid culture. Embryos should be extracted from young adults to minimize the amount of older embryos in the population. Embryos have to be isolated under cooled conditions (4 °C M9 buffer and centrifuge) and as fast as possible. Embryos were extracted as described previously 21 with higher percentage sodium hypochloride bleach (12%) (Carl Roth) to ensure faster release of eggs. This bleaching protocol does not alter viability of embryos but reduces bleaching time and contamination with worm debris. Worms were monitored under the dissecting microscope during the bleaching procedure, and the procedure was stopped as soon as most worms were dissolved in the bleach. The eggs and debris were then washed (310g for 30 s) twice in cold M9 and filtered through a 40-µm nylon mesh (Cell strainer; Falcon) to clean embryos from worm debris. Eggs were then resuspended in cold PBS (pH 7.4) and pelleted (310g for 30 s). The supernatant was discarded and embryos were fixed by resuspending them in −20 °C methanol (80%). The tube was then placed on an overhead rotator at 4 °C for at least 1 h.
The fixed embryos were pelleted (310g for 1 min) and resuspended in cold cell-culture grade PBS. Embryos were cleaned from large embryo aggregates and worm debris by passing the embryos through a 40-µm nylon mesh. Embryos have to be kept on ice in the tube and aliquots are sorted stepwise. Embryos tend to aggregate. Shortly before sorting they should be vortexed vigorously and passed though a 40-µm nylon mesh into a flow cytometer tube.
Fixed embryos were sorted on a FACSVantage SE (Becton Dickinson Inc.) using the 100 µm nozzle with a pressure of 8 p.s.i. and 14,600 Hz frequency. GFP was excited with an argon-ion laser (488 nm) and detected using the FL1 parameter (emission filter: 530 ± 15 nm) in comparison to the FL2 parameter (emission filter 585 ± 21 nm). Debris in the sample was excluded from the sort by gating for intact embryos using the forward and side scatter. Nonfluorescent wild-type (N2) embryos were included as control. Data were analyzed using 10,000 events per sample for the first sort and 2,000 events per sample for the resort using CellQuest Software (BD Biosciences) (Fig. 1a,b) .
To prevent embryos from aggregating in the flow cytometer tube during the run, we introduced a magnet stirrer on the bottom of the tube, which was triggered by a remote-controlled magnetic stirring device (Variomag; Thermo Electron). Embryo aggregates will clog the nozzle of the flow cytometer. The stirrer also prevents embryos from settling at the bottom of the tube, which ensures a constant distribution of embryos in the suspension. We had best results at a sorting speed between 400-500 events (embryos) per second; increasing sorting speed decreases efficiency. Embryos were sorted into a siliconized dish filled with PBS. Embryos should be sorted twice (hereafter referred to as 'resorted') to ensure a sufficiently high purity. In the resort, the embryos were sorted directly into a dish of Trizol LS (Invitrogen). Optionally embryos can be sorted into PBS and collected by centrifugation before the desired downstream application.
During the second flow cytometer run, we prepared several microscope slides by dropping at least 200 embryos onto each slide. Slides were covered with mounting medium containing DAPI nuclear stain (Vectashield; Vector Laboratories). This allowed examination of the purity of the resorted embryo sample by microscopy. Additionally the purity was determined by PCRamplifying maternal 1-cell stage (oma-1 and oma-2) and zygotic >4-8-cell stage (end-1 and med-1) marker genes.
eFACS was used in this study to isolate 1-cell stage embryos (high GFP-positive population; Fig. 1 ), 2-4-cell stage embryos (intermediate GFP-positive population; Supplementary Fig. 1 ) and older embryos (GFP-negative population).
Isolation of post-gastrulation embryos. Gravid wild-type (N2) adults were treated with sodium hypochloride bleach to extract embryos as described previously 30 . In C. elegans, gastrulation is initiated at approximately the 25-cell stage. Embryos were allowed to develop in S-medium at 20 °C for 3 h. At this time all embryos have gastrulated, which we confirmed under a dissecting microscope. Hatched L1 larvae were removed by a second round of sodium hypochloride bleach treatment. We allowed 100 embryos to hatch on NGM plates overnight to determine viability. RNA extraction. RNA was isolated from all samples by two rounds of freeze-thaw lyses of the embryos in Trizol LS reagent (Invitrogen). RNA was precipitated with Glycoblue (Ambion) overnight at −20 °C or for 30 min at −80 °C.
Deep sequencing ('Illumina'). Library preparation as well as cluster generation and deep sequencing were performed according to the 5′ ligation-dependent (5′ monophosphate-dependent) manufacturer's protocol (Digital Gene Expression for small RNA; Illumina). Roughly 60,000 embryos (~10 µg total RNA) were used for small RNA library preparation. Small RNAs were sizeselected between 18 and 40 nt according to the single-stranded DNA marker in the small RNA sequencing kit (Illumina). Small RNA libraries from the early embryo samples (1-cell stage and 2-4-cell stage) as well as the mixed embryos and older sorted embryos were sequenced on the Genome Analyzer 1 (Illumina), and the libraries generated from post-gastrulation embryos were sequenced on the Genome Analyzer 2 (Illumina).
Mapping. Mapping was performed using an in-house developed pipeline (J.M. et al., unpublished data). This pipeline consists of an initial 3′ adaptor removal step, low-complexity read filtering, a mapping routine using a suffix-array based alignment program and a 3′ adaptor identification refinement phase.
Briefly, initial adaptor removal was performed by using dynamic programming to find in each read the suffix that best matched to a prefix of the 3′ adaptor. For this, all alignments of adaptor prefixes to suffixes of the read sequence were considered. In addition, occurrences of the full adaptor sequence anywhere in the read sequence were considered. Among these alignments, the best alignment was determined according to a simple one-parameter model p(alignment | Θ) = Θ n (1 − Θ) n − k , where n is the length of the alignment, k is the edit distance of the alignment, and Θ is a parameter describing the error rate. A Θ value of 0.9 was heuristically chosen to reflect the relatively high error rate toward the end of Illumina reads.
The alignment program proceeds by determining all genomic matches to a read in edit distance k. For this application edit distance two was used. The alignment algorithm was implemented using a suffix array of the genome against which each read is sought, incrementally increasing the edit distance until matches are found.
In the 3′ adaptor identification refinement phase, the boundary between transcript and adaptor parts of each read was redetermined in light of the genomic context that the read was mapped to. This was done by computing a score S(i) = f(i) + r(i) for every position i of the read. f(i) is derived by aligning prefixes of the genomic context to prefixes of the read, from which f(i) gives the edit distance of the best match of the read prefix of length i to the genomic context. r(i), the second part of the score is determined from reverse alignments of the reversed read to reverse adaptor prefixes, that is, r(i) was the edit distance of the best match between the read sequence positions i + 1 to n and a adaptor prefix, where n was the length of the read. The 3′ adaptor beginning position t was then determined so as to minimize S(t). In case of ties, the minimum of the tied positions was used.
For the subsequent analyses we used weighted matches, that is, reads mapping to multiple loci have equal weight distributed across these loci (for example, a read represented by two transcripts and mapping equally well to three loci had a weight of two-thirds assigned to each of the three loci).
Normalization of miRNA reads in between samples. Expression fold changes of sequencing data were determined using linear models of the log expression, that is, logistic expression models, as follows. Assume we are given expression vectors a,b ∈ R R ≥ 0 n , where n is the number of genes and R is the set of real numbers, Here 'constant' denotes an arbitrary constant determined by the ratio of the two unknowns a i and b i . Thus, the log fold changes are log log log log log log log ,
which is equivalent to log log log b a fc
Typically, the expression of a RNA species that is known to be constant between the two samples is used for the reference values. However, for the present study no such constants were known. We resorted to fitting a linear model of the form response = predictor + residual + intercept to equation 1, in which log a i is the predictor, log b i the response, the intercept term determines the ratio of normalizers, and finally the log fold changes correspond to the residuals. In fitting, the slope of the linear model is fixed to unity, essentially only fitting the intercept term. From the fitted models the log fold changes are found as the prediction residuals.
Owing to the slope of unity, it is possible to trivially accumulate the pairwise intercept terms of a sequence of expression samples for a joint normalization. The proposed normalization method is equivalent to assuming that the mean log fold change is zero. The calculated fold changes of miRNA expression by this normalization method were validated by qPCRs and showed to be in good agreement (see below; Fig. 4) .
Validation of observed miRNA expression patterns by TaqMan miRNA qPCR assays. The fold changes that were computed for 16 miRNAs from the deep sequencing data between 1-cell stage embryos and post-gastrulation embryos were validated by TaqMan miRNA qRT-PCR assays (Applied Biosystems) on hand-picked 1-cell stage embryos and older post-gastrulation embryos. Embryos were collected from cut gravid hermaphrodites by mouth pipette and washed thoroughly before lysing them in Trizol LS reagent. MicroRNA TaqMan PCR assays were performed following the recommendations of the manufacturer (Applied Biosystems). A TaqMan assay for the small RNA U18 and sn2343 was used as a normalization standard.
Classification, annotation and quantification of small RNA deep sequencing reads. Known miRNA coordinates were retrieved from miRBase release 12 (ref. 32) . Other noncoding RNA, 3′ UTR, 5′ UTR, exon and intron coordinates were retrieved from WormBase, matching genome release WS190 (http://www.worm base.org; WS190). The 21U-RNA coordinates were retrieved from the supplementary materials of previous studies 19, 23 . Coordinates of RepeatMasker annotations 33 and simple repetitive sequences 34 were obtained from the UCSC genome browser 35 . Reads were annotated by intersecting the mapped coordinates subsequently with the following sets of annotated feature coordinates and subtracting intersecting coordinates before proceeding with the next annotation set. The order in which annotation categories were used was: (i) miRNA, (ii) rRNA, (iii) tRNA, (iv) snRNA, (v) snoRNA, (vi) 21U-RNA, (vii) mRNA and (viii) repetitive sequences. This order roughly reflects the number of genomic bases represented by the different classes. For each annotated feature, all overlapping mapped reads were determined, and quantification was done by summing the overlapping weighted matches.
Annotating new 21U-RNAs. New 21U-RNAs were predicted using the motif scoring modules provided with ref. 19 , which uses position-specific nucleotide frequency matrices of the large and small 21U-RNA upstream motifs, as well as a model for the distance between the two motifs to determine occurrences of 21U-RNA loci. The matrices are parameterized from ungapped alignments of reads deriving from manually selected portions of the genome that are rich in 21U-RNA. The motif scoring was applied to the set of mapped loci that remained after removing other known noncoding RNAs (including previously known 21U-RNA loci) in which the sequences scored consisted of the upstream 100 nt and the read itself. We used the same score cutoff of 15.5 to call loci as was used previously 19 . miRDeep analysis. To guide the excision of potential miRNA precursors from the genome, the above read mappings were used. First, we identified read mappings that (i) did not overlap with rRNAs, tRNAs or 21U-RNAs, (ii) were perfect mappings of edit distance zero, (iii) were from reads no shorter than 18 nt and no longer than 25 nt after removal of the adaptor and (iv) were from reads that did not have more than five perfect matches to the genome. Second, we identified genomic stacks of such reads ('stack' meaning two or more reads mapping to the same 5′ and 3′ positions). For each genomic locus, the highest read stack was identified and two potential precursor sequences excised, one spanning 20 nt upstream of the stack and 70 nt downstream of the stack and the other spanning 70 nt upstream and 20 nt downstream. This new excision algorithm will be part of the updated miRDeep package. Subsequently, all reads in our pooled datasets were remapped to these precursors using an edit distance of 1, and all suboptimal mappings were discarded (edit distance 1 matches for reads that have one or more perfect match). The read mappings to the potential precursors and the structures of the precursors were input to miRDeep as described previously 22 . For purposes of seed conservation, a limited set of known mature miRNAs from miRBase version 11 was used. These consisted of miRNAs from families that are present in invertebrates or that are conserved between mammalian and nonmammalian vertebrates. miRDeep initially reported 31 candidate miRNAs. These were manually curated to remove redundant sequences or highly palindromic precursors that were unlikely to represent genuine miRNAs.
In summary, miRDeep maps the sequenced small RNAs to the structures of candidate miRNA hairpins and scores the fit to a simple model of miRNA biogenesis. The score cutoff can be adjusted for trade-offs between sensitivity and specificity.
We found that a score cutoff of 3 recovered known nematode miRNAs present in the data (present meaning that miRBase C. elegans mature sequences that map perfectly to one or more excised potential precursors) with high sensitivity (80%), and the number of false positives was computationally estimated to be relatively low (7 ± 2).
Northern blots. Validation of 26G-RNA candidates was done by northern blot analysis as described previously 36 . We loaded 100 µg of total RNA from mixed embryos per lane. Probes used are listed in Supplementary Table 9 . As 26G-RNAs were seemingly lowly expressed, the imaging plates had to be exposed for 4 h. Pictures were obtained with an imaging plate reader and processed in Adobe Illustrator.
RT-PCRs. RT-PCR was performed to examine the expression of early embryonic marker genes. The reverse transcritpion reaction was random primed. Primers for subsequent PCR are listed in Supplementary Table 9 . We performed 35 cycles of PCR. Gel pictures were processed in Adobe Illustrator.
